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Abstract

Signaling pathways for bone morphogenetic proteins (BMPs) are important in osteoblast
differentiation. Although the precise function of type | BMP receptors in mediating BMP
signaling for osteoblast differentiation and bone formation has been characterized previously, the
role of type Il BMP receptors in osteoblasts is to be well clarified. In this study, we investigated
the role of type Il BMP receptor (BMPR-I1) and type I1B activin receptor (ActR-11B) in BMP2-
induced osteoblast differentiation. While osteoblastic 2T3 cells expressed BMPR-1I and ActR-11B,
loss-of-function studies, using dominant negative receptors and siRNAs, showed that BMPR-I1
and ActR-11B compensated each other functionally in mediating BMP2 signaling and BMP2-
induced osteoblast differentiation. This was evidenced by two findings. First, unless there was loss
of function of both type Il receptors, isolated disruption of either BMPR-I1 or ActR-11B did not
remove BMP2 activity. Second, in cells with loss of function of both receptors, restoration of
function of either BMPR-1I or ActR-11B by transfection of the wild-type forms, restored BMP2
activity. These findings suggest a functional redundancy between BMPR-11 and ActR-I1B in
osteoblast differentiation. Results from experiments to test the effects of transforming growth
factor b (TGF-B), activin, and fibroblast growth factor (FGF) on osteoblast proliferation and
differentiation suggest that inhibition of receptor signaling by double-blockage of BMPR-I1 and
ActR-11B is BMP-signaling specific. The observed functional redundancy of type 1l BMP
receptors in osteoblasts is novel information about the BMP signaling pathway essential for
initiating osteoblast differentiation.

Osteoblastic differentiation of mesenchymal cells is required for osteogenesis and postnatal
bone formation. Bone morphogenetic proteins (BMPs), structurally related to the
transforming growth factor p (TGF-p) superfamily, are important growth factors in
controlling osteoblast differentiation. BMPs promote commitment of pluripotent
mesenchymal cells into the osteoblast lineage by regulating signals that stimulate specific
transcriptional programs required for bone formation during embryonic skeletal
development and postnatal bone remodeling (Urist, 1965; Wozney et al., 1988; Chen et al.,
2004; Zhao et al., 2008).
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BMP signaling is mediated through type | and type Il BMP receptors (Chen et al., 2004;
Zhao et al., 2002, 2008). Like other receptor members of the TGF-f superfamily, both type |
and type Il BMP receptors have inducible intracellular serine/threonine kinase activity that
transduces the external BMP signal to an intracellular phosphorylation cascade. Type Il
receptors, including the type 11 BMP receptor (BMPR-11), type Il activin receptor (ActR-11),
and type 11B activin receptor (ActR-11B), serve as primary ligand-binding receptors. After
binding to BMP ligands, homomeric dimers of the type Il receptors form a tetrameric
complex with homomeric dimers of the type | receptors, including the type IA BMP receptor
(BMPR-1A), type IB BMP receptor (BMPR-IB), and type I activin receptor (ActR-I)
(Koenig et al., 1994; ten Dijke et al., 1994; Kawabata et al., 1995; Nohno et al., 1995;
Rosenzweig et al., 1995; Yamashita et al., 1995). In this heterotetrameric complex, type Il
receptors transphosphorylate the type | receptors through a GS domain, leading to activation
of type | receptor kinase (Carcamo et al., 1995; Wieser et al., 1995; Hoodless et al., 1996).
The activated type | receptor acts as an effector in the signal transduction by recruiting and
phosphorylating the pathway-restricted Smads (Smad1, Smad5, and Smad8) (Hoodless et
al., 1996; Chen et al., 1997; Nishimura et al., 1998). After phosphorylation, Smads are
released from the receptor, migrate into the nucleus with a chaperone Smad4, and activate
transcription of specific target genes involved in osteoblastic differentiation and bone
formation (Ducy et al., 1997; Nakashima et al., 2002; L6pez-Rovira et al., 2002; Yagi et al.,
2003; Ohyama et al., 2004).

As the primary binding receptors for BMPs, type 11 receptors have important roles in
embryonic development. Gene manipulation or mutations of BMPR-II may result in
developmental abnormalities of gastrulation and cardiogenesis (e.g., pulmonary
hypertension) in mice and humans (Beppu et al., 2000, 2004, 2009; Newman et al., 2001;
Song et al., 2005; Yu et al., 2005; Hong et al., 2008; Wang et al., 2009). Studies with
genetically altered mouse lines have shown that ActR-11 and ActR-11B have distinct roles in
embryonic patterning and pulmonary artery function (Matzuk et al., 1995a; Oh and Li, 1997,
2002; Oh et al., 2002; Ferguson et al., 2001). Moreover, disruption of these type Il receptors
in mutant mice induces defects in skeletal development, particularly in the teeth (Matzuk et
al., 1995a; Ferguson et al., 2001). Studies on gene expression patterns in vivo and in vitro
show that BMPR-I1 (Nishitoh et al., 1996; Yonemori et al., 1997; Onishi et al., 1998; Yeh et
al., 1998, 2002; Ebisawa et al., 1999; Kloen et al., 2002; van der Horst et al., 2002; Nadiri et
al., 2006; Garimella et al., 2007; Lehnerdt et al., 2007; Yu et al., 2008), ActR-1l, and ActR-
I1B (Nishitoh et al., 1996; Yonemori et al., 1997; Ebisawa et al., 1999; van der Horst et al.,
2002) participate in osteoblast differentiation and may play a role in bone formation during
fracture (Onishi et al., 1998; Kloen et al., 2002), otospongiosis (Lehnerdt et al., 2007), and
osteosclerosis (Garimella et al., 2007). These findings suggest that type 11 BMP receptors
are important mediators for skeletal development and bone formation.

BMP signaling initiates osteoblast differentiation in embryonic osteogenesis and postnatal
bone formation. Although the importance of type | BMP receptors in controlling osteoblast
differentiation has been confirmed previously (Chen et al., 1998; Zhao et al., 2002), the
function of type Il BMP receptors in osteoblast differentiation has not been well described.
Some in vitro studies have identified potential roles of type Il receptors in osteoblast cells
(Nishitoh et al., 1996; Yeh et al., 1998, 2002; Ebisawa et al., 1999; van der Horst et al.,
2002; Nadiri et al., 2006; Garimella et al., 2007; Yu et al., 2008); however, the mechanisms
responsible for interaction of these receptors in mediating BMP signaling for osteoblast
differentiation should be precisely elucidated.

In the present study, we investigated the role of BMPR-11 and ActR-11B in osteoblast
differentiation. The results of loss-of-function experiments suggest that BMPR-I1 and ActR-
I1B play redundant roles in the BMP signaling pathway in osteoblast differentiation.
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Materials and Methods

Truncated receptor constructs

Intracellular kinase-truncated BMPR-I1 (dnBMPR-I1) was generated by PCR using a
template of human full length BMPR-11 cDNA in the expression vector pPCMV5. A 0.56 kb
dnBMPR-I1 PCR product was amplified with the following primers: 5’-
CGGAATTCTGGCCCAGGGATGACTTC (sense) and 5'-
CGGAATTCAGCGTAGTCTGGGACGTCGTATGGGTATCTGTATCCAAAGCATAAG
(antisense). The fragment encodes 173 amino acids of the N-terminus incorporating the
extracellular domain, the transmembrane domain, and a sequence for the HA tag at the C-
terminus. The PCR product was cloned into expression vector pcDNAS3 (Invitrogen, San
Diego, CA) at the EcoR I site. The positive clones were first selected by enzyme digestion
for correct orientation and then sequenced to verify accuracy of the PCR amplification
reaction. The same truncated form of ActR-11B (0.52 kb) was amplified by PCR with the
primers of 5'-CGGGGATCCGCGC CGCGGAACATGACGGCG (sense) and 5'-
CTAGTCTAGATTACTTATCATCATCATCCTTATAATCATACATCCAGAAGGCCAG
CAGG (antisense) using mouse full-length ActR-11B cDNA in expression vector pPCMV5-
ActR-1IB. This deletion mutant ActR-11B (dnActR-11B) encodes 160 amino acids covering
the ActR-11B extracellular and transmembrane domains and also a Flag epitope tag at the C'
terminus. The dnActR-11B gene was cloned into a pcDNA3 vector at BamHI and Xbal sites
and verified by sequencing.

sSiRNA knockdown

Synthesis of siRNA: Short complementary RNA oligonucleotides were synthesized and
annealed to form siRNA duplexes. The targeting sequences (sense) of the oligonucleotides
for mouse BMPR-11 and ActR-11B are 5'-GGAUGAGCGUCCAGUGCU and 5'-
AACUUCUGCAACGAGCGC were previously validated (Rebbapragada et al., 2003;
Perron and Dodd, 2009). The siRNAs and the irrelevant scrambled oligonucleotides (20 nM)
were transfected into 2T3 and C2C12 cells using the transfection reagents (Dharmacon
RNAI Technologies, Lafayette, CO) by following the protocol. The knockdown efficiency
BMPR-11 and ActR-11B was verified by PCR.

Cell culture and transfection

Osteoblast precursor 2T3 cells, derived from a transgenic mouse containing a BMP2
promoter driving the SV40 T-antigen transgene, were previously characterized (Ghosh-
Choudhury et al., 1996). Cells were cultured with complete a.-minimal essential medium (a.-
MEM) supplemented with 10% fetal calf serum (FCS), penicillin, streptomycin, and .-
glutamine in air mixed with 5% CO,. After the seeded 2T3 cells were grown to 60-80%
confluence, the cells were transfected with expression plasmids of wild-type or dominant-
negative forms of type 11 receptors or their empty vectors using Lipofectamine Plus Reagent
and the optimal medium (Gibco BRL, Rockville, MD) following the manufacturer's
instruction. Cells transfected with dnBMPR-11 and/or dnActR-11 or pcDNA3 vector were
treated with G418 (200-500 pg/ml). Cells were screened for expression of deletion mutant
receptors by RT-PCR and Western blot. The selected stable colonies (five clones for each
transfection group) that stably expressed high levels of mutant receptors were used in the
following functional experiments.

In addition to 2T3 cells, osteoblastic C2C12 cells were also used in sSiRNA knockdown
studies as described above. C2C12 cells were cultured in DMEM medium with the same
supplements as the culture condition for 2T3 cells.

J Cell Physiol. Author manuscript; available in PMC 2013 June 17.
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Total RNA was extracted from untransfected 2T3 or transfected 2T3 cells using RNAzol B
method (Tel-test Inc., Houston, TX). Purified RNA was reverse transcribed into cDNA
(SuperScript 111 First-Strand Synthesis System, Invitrogen), and the synthesized cDNA was
used as a template for PCR to amplify either wild-type and/or dn type Il BMP receptors at
94°C (1 min), 56°C (1 min), and 72°C (1 min) for 35 cycles. The primers used were as
follows: endogenous BMPR-I1: 5'-GGGATGACTTCCTCGCTGCATC (sense), 5'-
ACTGCTCCGTATCGACCCCG (antisense) (0.65 kb); endogenous ActR-11:
TCGGGAAAATGGGAGCTGCTGC (sense), AGCTGCAATGGCTTCAA CCCTAG
(antisense) (0.59 kb); endogenous ActR-11B: 5'-GCGCCGCGGAACATGACGGCG
(sense), 5'-GGTCCTGGAAAGGCAAGGGC (antisense) (0.61 kb); dnBMPR-11: 5~
TGGCCCAGGGATGACTTC (sense), 5'-AGCGTAGTCTGGGACGTCGTATGGGTA
(antisense, HA tag) (0.56 kb); dnActR-11B (Flag tag): 5’-
GCGCCGCGGAACATGACGGCG (sense), 5'-CTTATCATCATCATCCTTATAATC
(antisense, Flag tag) (0.52 kb).

Western blot

Cells were lysed in lysis buffer (50 mM Tris—HCI, pH 7.6, 150 mM NaCl, 1% Triton X-100,
0.5% deoxycholic acid, 0.1% SDS) containing protease inhibitors and run on SDS-PAGE
Ready Gels (Bio-Rad, Hercules, CA). Proteins were transblotted onto PVDF membrane
(Bio-Rad) and blocked with 5% milk in TBST buffer (Tris-buffered saline with 0.1% Tween
20), at room temperature, for 2 h. Rabbit anti-HA polyclonal antibody (1:1,000) (Babco,
Richmond, CA) and M2 mouse anti-Flag monoclonal antibody (1:2,000) (Sigma, St. Louis,
MO) were incubated overnight with the membranes at 4°C to detect dnBMPR-I1-HA and
dnActR-11B-Flag. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse 1gG
antibodies (1:5,000) (Amersham Life Science; GE Healthcare, GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) were used as the second antibody. Signals on the blots were detected
by an enhanced chemiluminescence system (ECL, Amersham Life Science) and X-ray film
exposure.

Smad phosphorylation

Cells were seeded in six-well plates in a-MEM with 10% FCS. After overnight culture,
when the cells reached a density of 80%, they were starved with a-MEM supplemented with
0.2% FCS for 24 h. Then, the cells were incubated with BMP2 (100 ng/ml) for 4 h. Cells
were then lysed with the lysis buffer. Western blot of phosphorylated Smad1/5/8 was
performed using an anti-phosphoserine antibody (Cell Signaling Technology, Inc., #9511,
1:1,000) to detect serine-phosphorylated Smad1/5/8. Non-phosphorylated Smadl was used
as a control detected by an antibody against Smad1 (Cell Signaling Technology, Inc.,
Boston, MA, #9743, 1:1,000). B-actin served as the protein control for normalization.

Immunofluorescence

Wild-type or mutant 2T3 cells, cultured in eight-well chamber slides at 1 x 104 cells per
well, were transfected with Flag-tagged Smad1 expression vector for 24 h. Cells were
starved with a-MEM supplemented with 0.2% FCS for 24 h and then treated with BMP2
(100 ng/ml) for 8 h. Cells were then fixed and incubated with FITC-conjugated mouse anti-
Flag antibody (Sigma) diluted at 1:50 with PBS containing 1% BSA in room temperature for
2 h. After washing with PBS, fluorescence in respective wells was viewed with a fluorescent
microscope.

J Cell Physiol. Author manuscript; available in PMC 2013 June 17.
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BMP signaling reporter assay

A tandem consensus sequence (12 copies) of Smad binding element (SBE), GCCGCCGC,
was synthesized. The annealed SBE DNA oligonucleotides were linked to mouse
osteocalcin promoter (OCN, —155/+1), and the chimeric 12xSBE-OCN promoter cassette
was inserted into the pGL3 luciferase reporter vector at the sites of Kpn I and Hind I11.
Osteoblastic 2T3 cells cultured in 24-well plates were transfected with p12SBE-OCN-Luc
for 12 h. Subsequently, cells were starved in a-MEM with 1% FCS for 12 h, and then
treated with BMP2 (100 ng/ml) for 24 h. The cells were lysed with the Reporter Lysis
Buffer (Promega, Madison, W1). Luciferase activity was measured using a luminescence
assay system (Promega). Data were normalized to the p-galactosidase activity of co-
transfected pSV-p-Gal.

Mineralized matrix formation

Cells were plated into 12-well plates (4 x 10* cells per well) in a-MEM medium with 10%
FCS. When the cells reached confluence, the medium was changed to a-MEM
supplemented with 5% FCS, ascorbic acid (100 pg/ml), and B-glycerophosphate (5 mM),
and the cells were cultured in the presence or absence of BMP2 (1-100 ng/ml) or activin A
(0.5-50 ng/ml). The medium was refreshed every other day. After 2—-3 weeks following the
initial treatment, cells were fixed in phosphate buffered formalin, and the mineralized matrix
was stained (von Kossa stain with van Gieson counterstain). Rehydrated cells reacted with
silver nitrate solution (2%) and were exposed to sunlight for 20 min. Plates were rinsed with
water, and sodium thiosulfate (5%) was added (3 min), followed by a water rinse. Yellow-
red Van Gieson's Stain then was added to stain the collagen matrix. Plates were dehydrated
and dried for image analysis. The area of dark brown or black von Kossa-stained matrix was
imaged using the ImagePro Plus image analysis software (Media Cybernetics, Silver Spring,
MD).

Alkaline phosphatase (ALP) activity

Cells were grown to 50-70% confluence in 48-well plates with a-MEM supplemented with
10% FCS, and then incubated with BMP2 (0-200 ng/ml) or activin A (0-200 ng/ml) in a-
MEM supplemented with 1% FCS for 48 h. Cells were washed twice with PBS, and lysed
with 0.05% Triton X-100. The cell lysate was frozen and thawed twice. ALP activity in the
cell lysate was determined using ALP detection reagents (Sigma) by reading absorbance of
the reaction product p-nitrophenol at 405 nm; p-nitrophenol was used to construct a standard
curve of ALP activity. ALP activity was calculated by normalizing the amount of protein in
cell lysates harvested from each well.

Northern blot

Cells cultured in six-well plates were treated with BMP2 (100 ng/ml) for 4-8 days. Then,
total RNA was isolated from the cells using the RNAzol B method (Tel-test Inc., Houston,
TX). Enriched polyadenylated RNA was obtained using oligo(dT) cellulose columns
(Stratagene, San Diego, CA). Denatured poly-(A*) RNA (5 .g) was run on a 1% agarose gel
containing formaldehyde (2.2 M). RNA was transferred to a filter (Nytran; Schleicher and
Schuell, Keene, NH) and then cross-linked to the filter by ultraviolet irradiation.
Prehybridization and hybridization were performed as described previously (Chen et al.,
1998). The 32P-labeled cDNA probes of Runx2, osteocalcin (OCN) and GAPDH were used
in the blot. Hybridized signals of Runx2 and OCN were normalized by GAPDH.

Cell proliferation assay

Cells were cultured in 96-well plates with a-MEM medium and 10% FCS. When cells had
grown to approximately 50% confluence, they were starved with a-MEM and 0.2% FCS for

J Cell Physiol. Author manuscript; available in PMC 2013 June 17.
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12 h, and then incubated with TGF-B1 (0-0.06 ng/ml) or acidic FGF (0-0.4 ng/ml). After 40
h of incubation, cell proliferation was determined with an assay kit (Cell Titer 96® Non-
Radioactive Cell Proliferation Assay Kit; Promega) by adding dye from the assay kit to the
culture for 4 h and then determining the absorbance (at 570 nm) of formazan product, which
is directly proportional to the number of viable cells.

Expression of type Il receptors for BMP and their dominant negative forms in osteoblasts

We used immortalized mouse osteoblast precursor 2T3 cells, previously shown to express
type | receptors for BMP (BMPRIA and BMPR-IB) and to respond to stimulation by BMP2
(Ghosh-Choudhury et al., 1996; Chen et al., 1998; Zhao et al., 2002). We examined
expression of type Il receptors for BMP in 2T3 cells and found that these cells expressed all
three type |1 BMP receptors (BMPR-II, ActR-11B, and ActR-Il) (Fig. 1A). With a high
sequence homology, the two type Il activin receptors ActR-11 and ActR-11B functionally
overlap in many of their biological activities. We found that the expression level of ActR-
I1B was higher than other type Il receptors in 2T3 cells, suggesting that ActR-11B might be a
predominant form of the type Il activin receptors in osteoblastic cells.

Both BMPR-I1 and ActR-11B function as major signaling mediators in the same BMP
pathway, and ActR-1IB also distinctly transduces signaling upon activin binding. Therefore,
we investigated the function and relation of BMPR-II and ActRIIB in BMP-induced
osteoblast differentiation. For this purpose, we generated dominant negative (dn) mutants of
these type 1l receptors, dnBMPR-11, and dnActR-11B. The structure of type Il receptors is
composed of an extracellular N-terminal domain capable of binding BMP ligands, a
transmembrane domain, and an intracellular C-terminal domain responsible for
transactivating the type | receptor to transduce BMP signal. In the mutant dnBMPR-I1 and
dnActR-11B forms, the intracellular C' terminal regions were deleted from the site of Arg!73
(dnBMPR-I1) and Tyr160 (dnActR-11B) just behind the transmembrane domains and
replaced by hemagglutinin (HA) (dnBMPR-I1) and a Flag (dnActR-11B) epitopes. As a
result, the kinase activity of the receptors was removed (Fig. 1B). Expression plasmids of
the truncated receptors, pcDNA3-dnBMPR-I1 and/or pcDNA3-dnActR-11B, were stably
transfected into 2T3 cells. Expression of truncated dnBMPR-11 and dnActR-11B in
individual colonies was determined by RT-PCR and Western blot using anti-HA or anti-Flag
antibody (Fig. 1C, D). Five confirmed colonies for each transfection groups that express
truncated receptors at high levels with minor variations over endogenous wild type receptors
(Fig. 1C, lane 1, 2) were selected for the following functional measurements.

Effects of dnBMPR-Il and dnActR-1IB on BMP signaling

Type Il receptor-initiated BMP signaling is mediated through type | receptors that
phosphorylate BMP-specific Smadl, Samd5, and Smad8 (Smad1/5/8). The phosphorylated
active Smads then migrate into the nuclei and transactivate target genes. We determined the
effects of the dominant negative receptors on BMP-induced Smad1/5/8 phosphorylation.
Western blot results showed that treatment of control 2T3 cells with BMP2 for 6 h
substantially increased levels of the phosphorylated BMP-specific Smads (Fig. 2A, lanes 1
and 2). Unexpectedly, we found that overexpression of either dnBMPR-I1 or dnActR-11B in
2T3 cells did not decrease BMP2-induced phosphorylation of Smad1/5/8 (Fig. 2A, lanes 3-
6). However, when 2T3 cells were forced to simultaneously overexpress both dnBMPR-I1
and dnActR-11B, the BMP2-enhanced Smad phosphorylation was completely abolished (Fig.
2A, lanes 7 and 8). In all these cells with single or double dominant negative receptors,
protein levels of non phosphorylated Smadl were not notably changed (Fig. 2A), suggesting
that these mutant receptors do not affect the stability of the endogenous Smad proteins.

J Cell Physiol. Author manuscript; available in PMC 2013 June 17.
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We evaluated the effects of these mutant receptors on Smad1 nuclear migration by
immunofluorescence in 2T3 cells that had been treated with BMP2 for 6 h. In the wells for
the empty vector, dnBMPR-II, and dnActR-11B, the intensity of Smad1 fluorescence was
much higher in the nuclei than in the cytoplasm, indicating that stimulation with BMP2
induced Smad1 nuclear translocation in these cells (Fig. 2B, e, f, g vs. a, b, ¢). However, the
BMP2-induced Smad1 nuclear migration was markedly inhibited by dnBMPR-II + dnActR-
I1B double blockage (Fig. 2B, h vs. d).

Smads mediate BMP signaling to the target genes by interacting with a specific Smad
binding element (SBE). We made a BMP-responding reporter gene, p12SBE-OCN-Luc,
using a chimeric cassette of 12 copies of the SBE DNA sequence and a mouse osteocalcin
promoter that drives a luciferase gene. This BMP signaling reporter gene was transfected
into 2T3 cells, and the BMP2 responsiveness was determined by luminescence
measurement. This showed that overexpression of only dnBMPR-I1 or dnActR-11B did not
affect the BMP2-mediated increase in BMP/Smad-specific luciferase activity, but dnBMPR-
I1/dnActR-11B co-action completely removed the luciferase responsiveness of the cells to the
BMP2 treatment (Fig. 2C). These results suggest that the functions of BMPR-11 and ActR-
I1B in mediating BMP action in osteoblast cells are redundant and mutually compensated,
because inhibition of only one receptor is not enough to block BMP signaling.

Effects of dnBMPR-Il and dnActR-1IB on osteoblast differentiation

BMP signaling is an important activator of osteoblast differentiation. BMPR-I1 and ActR-
I1B have been implicated in osteoblast differentiation (Nishitoh et al., 1996; Yonemori et al.,
1997; Yeh et al., 1998, 2002; Ebisawa et al., 1999; van der Horst et al., 2002; Nadiri et al.,
2006; Garimella et al., 2007; Yu et al., 2008), but they have not been confirmed yet by loss-
of-function studies. Therefore, we determined whether these dominant negative receptors
influence the osteoblastic differentiation of 2T3 cells. These osteoblast precursor cells are
capable of mineralization in culture (Ghosh-Choudhury et al., 1996; Chen et al., 1998; Zhao
etal., 2002, 2003, 2006, 2009). We performed an in vitro assay of mineralized matrix
formation. Cells stably transfected with dominant negative receptors were cultured in
osteogenic culture media in the presence or absence of BMP2. Two weeks after the initial
BMP2 treatment, von Kossa staining showed that BMP2 substantially increased bone nodule
formation in the culture of the 2T3 cells transfected with vector (Fig. 3A, upper). When we
overexpressed either dnBMPR-I1 or dnActR-11B, the BMP2-induced formation of
mineralized bone matrix by 2T3 was not markedly affected (Fig. 3A, middle). However,
cells that overexpressed both dnBMPR-11 and dnActR-11B did not form bone nodules in
response to BMP2 (Fig. 3A, bottom).

Furthermore, BMP2 treatment for 2 days markedly increased alkaline phosphatase (ALP)
activity in 2T3 cells. Single blockage with dnBMPR-I11 or dnActR-11 did not attenuate the
BMP2-enhanced ALP activity; however, BMP2-mediated stimulation of ALP activity was
completely inhibited by dnBMPR-Il/dnActR-11B double mutants (Fig. 3B).

We also examined gene expression of osteoblast maturation markers in these cells. Northern
blot electrophoresis showed that in the vector-control 2T3 cells, treatment with BMP2 for 4
and 8 days increased expression of Runx2 and osteocalcin. Although there were some
variations in basal levels of these genes and their responsiveness to BMP2 treatment
between the cell clones, overexpression of either dnBMPR-11 or ActR-11B did not eliminate
BMP2 stimulation of these osteoblast-specific marker genes. However, the cells in which
signaling via both BMPR-II and ActR-11B were blocked by overexpression of dnBMPR-II
and dnActR-11B had a substantial reduction in Runx2 and osteocalcin expression levels with
or without BMP2 treatment (Fig. 3C). These functional observations suggest that BMPR-I1
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and ActR-11B play a redundant role in mediating BMP2 stimulation of osteoblast
differentiation.

Effects of dnBMPR-1lI/dnActR-IIB double blockage on osteoblast proliferation

Both BMPR-I1 and ActR-1IB are serine-threonine kinase receptors of the TGF-p
superfamily in which type I receptors including BMPR-IA, BMPR-1B, ActR-1A, and ActR-
IB share a common activin receptor like kinase (ALK) activity with the TGF-B type |
receptor (TBR-1). To address the signaling specificity of dnBMPR-I1/dnActR-11B-induced
inhibition of the type 11 receptor, we performed a cell proliferation assay to determine
whether the double blockage affects TGF-p signaling, because TGF-p is known to stimulate
osteoblast growth (Gosain et al., 2000; van der Zande et al., 2008). The dnBMPR-11/
dnActR-11B double-blocked and vector-control 2T3 cells described above were incubated
with TGF-B1 for 48 h and cell proliferation was determined. Results showed that treatment
with TGF-B1 (0-0.06 ng/ml) caused a dose-dependent increase in the proliferation rate of
2T3 cells, and there was no significant difference in this stimulation between control cells
and dnBMPR-I1/dnActR-11B cells (Fig. 4A), suggesting that dnBMPR-I1/dnActR-11B double
blockage did not affect TGF-p signaling.

A TGF-B-signaling specific luciferase reporter, 3TP-Lux, was used to confirm this finding.
Cells that carried control empty vector or dnBMPR-I1/dnActR-11B mutants were transfected
with the 3TP-Lux reporter. We found that both types of cells responded to stimulation of
TGF-B1 to the same level of luciferase activity (Fig. 4B).

We also examined the effects of fibroblast growth factor (FGF), a positive regulator of
osteoblast proliferation (Rodan et al., 1987; Globus et al., 1988). Similar to the result with
TGF-p1, treatment with acidic FGF (aFGF) stimulated cell proliferation in both control and
double-dominant negative mutant 2T3 cells, evidenced by the parallel dose-dependent
stimulation curves (Fig. 4C). Although BMP2 is a powerful stimulator of osteoblast
differentiation, it is not an important regulator of osteoblast proliferation. Therefore, we did
not compare the effects of BMP2 on cell growth in these cells. These cell proliferation
studies, with the other observations above, suggest that blocking type 11 receptors by
dnBMPR-11/ dnActR-11B is specific for BMP signaling.

Restoration of dnBMPR-Il/dnActR-1IB-impaired BMP signaling and osteoblast
differentiation

Next, studies to restore function were performed to confirm the redundancy of BMPR-1I and
ActR-11B in BMP signaling in osteoblasts. Osteoblastic 2T3 cells, in which the BMP
signaling was inhibited by double blockage of type I1 receptors with dnBMPR-11 and
dnActR-11B, were co-transfected with p12SBE-OCN-Luc and expression plasmids of either
wild-type BMPR-II, or wild-type ActR-1I1B, or an empty vector. Cells were treated with
BMP2 (100 ng/ml) for 24 h, and the luciferase activity was determined by fluorescence and
normalized to B-galactosidase activity. In cells with dnBMPR-I11/dnActR-11B double
blockage, forced overexpression of either wild-type BMPR-1I or ActR-11B resulted in
marked recovery of the inhibited responsiveness of 12SBE-OCN-Luc activity to BMP2
treatment, compared with the vector control (Fig. 5A). Furthermore, BMP2-induced ALP
activity was markedly restored by the overexpression of either wild-type BMPR-I1 or ActR-
I1B in the impaired 2T3 cells (Fig. 5B). These data show that isolated restoration of either
BMPR-I11 or ActR-I1B restored the impaired BMP signaling and osteoblast differentiation
that results from co-inhibition of dnBMPR-1I and dnActR-11B, and strongly suggest that the
functions of BMPR-II and ActR-11B in mediating the BMP2 osteogenic signal are
redundant.
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Effects of knockdown of BMPR-Il and ActR-IIB genes on BMP signaling and osteoblast
differentiation

In addition to dominant negative receptors, we also used small interfering RNA (siRNA)
knockdown to determine the effects of loss of function of endogenous BMPR-II and ActR-
I1B on osteoblast differentiation. RT-PCR results showed that transfection of sSiRNAs
specific for BMPR-I1 or ActR-11B in 2T3 cells substantially decrease the mRNA levels of
these endogenous receptors, compared with control/scrambled RNA oligonucleotides (Fig.
6A). A luciferase reporter assay using the 12SBE-OCN-Luc vector showed that, similar to
control siRNA treatment, knockdown of only BMPR-I1 or ActR-11B did not abolish the
stimulatory effects of BMP2 on Smad-induced activation of the reporter gene; however, the
cells that interfered with expression of both BMPR-11 and ActR-11B had no responsiveness
of the BMP signaling reporter to BMP2 treatment (Fig. 6B). Similarly, BMP2-induced ALP
activity was completely abolished only in these double knockdown cells, but single
knockdown of either BMPR-II or ActR-11B did not affect BMP2-enhancement of ALP
activity (Fig. 6C). Real time PCR has shown that BMP2-induced osteocalcin expression was
completely removed in the cells with both mutant receptors, compared to other control cells
(Fig. 6D).

To verify the redundancy between BMPR-II and ActR-11B that we identified in osteoblast
2T3 cells as described above, we also performed siRNA studies in osteoblastic C2C12 cells
and examined the effects of deficiency of endogenous receptors on BMP2 signaling.
Consistently, we found that only in BMPR-II and ActR-11B double knockdown cells, BMP2
activation of Samd-responsive reporter activity was significantly reduced, compared the
BMP2 stimulation in other groups (Fig. 6E). These results confirm the findings obtained
from the above studies using dominant negative receptors that BMPR-II and ActR-11B are
functionally redundant in BMP2-induced osteoblast differentiation.

Effects of activin on osteoblast differentiation

The receptor ActR-11B also binds to activin ligands (in addition to BMP ligands) and
mediates their signals. We determined whether activin signaling is involved in osteoblast
differentiation in this cell system. Wild-type 2T3 cells were cultured in the presence of
BMP2 or activin A for 2 days to measure ALP activity, or for 21 days to examine
mineralized matrix formation. Unlike BMP2 (0-200 ng/ml), which markedly increased ALP
activity in a dose-dependent manner, we found that activin A (0—200 ng/ml) did not show
any increasing effect on ALP activity (Fig. 7A). Similarly, in the assay of mineralized
matrix formation, BMP2 increased mineralized nodule formation in the cell culture in a
dose-dependent manner, 21 days after initial treatment, but activin A did not cause
mineralized nodule formation (Fig. 7B). Together with above results, these data suggest that
normal function of BMPR-11 and ActR-11B is required for BMP signaling, but not activin
signaling, for osteoblast differentiation.

Discussion

Osteoblast precursor 2T3 cells that were used in this study were originally isolated and
cloned from the primary calvarial osteoblastic cells of a transgenic mouse containing the
BMP2 promoter driving the SV40 T-antigen transgene. These cells respond to BMP2 and
undergo bone matrix formation in vitro (Ghosh-Choudhury et al., 1996; Chen et al., 1998;
Zhao et al., 2002, 2003, 2006, 2009). We previously characterized expression and function
of type | BMP receptors (BMPR-IA and BMPR-IB) in this cell line and demonstrated that
BMPR-IB is a predominant type | receptor for BMP2 signaling in initiating osteoblastic
differentiation and bone formation in vitro and in vivo (Chen et al., 1998; Zhao et al., 2002).
In this study, we investigated the role of type Il receptors for BMP2 signaling in these
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osteoblast cells. Expression of type Il receptors for BMP (BMPR-11, ActR-I1, and ActR-11B)
is essential for mediating BMP signaling in osteoblast differentiation (Nishitoh et al., 1996;
Yeh et al., 1998, 2002; Ebisawa et al., 1999; van der Horst et al., 2002; Nadiri et al., 2006;
Garimella et al., 2007; Yu et al., 2008), bone formation, and fracture healing (Yonemori et
al., 1997; Onishi et al., 1998; Kloen et al., 2002; Lehnerdt et al., 2007). We found that 2T3
cells express all three types of 11| BMP receptors. Therefore, these receptors may play an
important role in BMP2-induced osteoblast differentiation. Measurement of mRNA levels
has shown that 2T3 cells have higher expression levels of ActR-11B than the other two types
of Il receptors (Fig. 1A).

Although other studies have shown that the two type Il activin receptors ActR-Il and ActR-
I1B which share 75% homology in their sequence exhibit some diverse and overlapping
biological functions (Ferguson et al., 2001; Oh et al., 2002), they have been reported to
possess similar functions in mediating BMP signaling in osteoblasts (Nishitoh et al., 1996;
Ebisawa et al., 1999; van der Horst et al., 2002). Our expression studies suggested that
ActR-11B might serve as a major type Il activin receptor in osteoblast 2T3 cells. Thus, we
investigated the function of ActR-11B, rather than ActR-Il, in osteoblasts. We had
hypothesized that BMPR-I1 and ActR-I1B are both necessary for BMP2 function in
osteoblasts because the sequences of ActR-11 and ActR-11B are 75% homologous and both
receptors possess overlapping function in mediating both BMP and activin signaling,
distinguishing them from BMPR-I1. However, the results of the loss-of-function studies,
using either dominant negative receptors or siRNA, showed that BMPR-II and ActR-11B are
functionally redundant in osteoblasts and functionally compensate for each other in
mediating BMP2 signaling and osteoblast differentiation. This was confirmed by these
findings: (a) Blocking either BMPR-I1 or ActR-I1B did not affect BMP2 signaling and
osteoblast differentiation; (b) BMP2-initiated events were completely abolished only when
both BMPR-11 and ActR-11B receptors were blocked (Figs. 2, 3, 6); and (c) restoring the
function of either BMPR-I1 or ActR-11B with their wild-type forms restored the impaired
phenotype in the double-blocked cells (Fig. 5). Nevertheless, our results do not exclude the
involvement of ActR-I1 in the functional redundancy between type 11 BMP receptor and type
Il activin receptors, as ActR-I1, like ActR-11B, also has been demonstrated to participate in
osteoblast-related functions (Nishitoh et al., 1996; Ebisawa et al., 1999; van der Horst et al.,
2002). This warrants further investigation.

Through the Northern blot assay, although we conclude that single dnBMPR-I1 or dnActR-
11B did not block BMP2-induced Runx2 and osteocalcin expression, we noticed that basal
levels of Runx2 and osteocalcin and their responsiveness to BMP2 stimulation varies
between the cell clones that overexpress dnBMPR-I1 or dnActR-11B. In establishing the
stable cell clones with these truncated receptors, we found that most cell clones revealed
different basal levels of these genes, some higher and some lower between the clones, but
they all responded well to BMP2 stimulation, compared to control cells and double mutant
cells. The cell variation also was seen between the cell clones overexpressing both
dnBMPR-I11 and ActR-1IB. Four of five clones substantially reduced expression of these
genes and their response to BMP2 at various levels. In immunofluorescence studies, Samd1
intensity in cytoplasm appeared to be increased when responding to BMP2 treatment in the
cells transfected with control vector or single mutant receptor. We noticed that the increased
Smad1 fluorescence intensity concentrated locally at the surrounding nuclei, which
disappeared in the double-blocking cells. This suggests that BMP2 induces Smadl migration
from cytoplasm towards nuclei. However, BMP2 may increase Smad1l levels by
antagonizing Smurfl-mediated Samd1 degradation (Zhu et al., 1999; Ying et al., 2003),
thus, we did not completely exclude the possibility of a slight increase in Smad1 level,
although our Western blot analysis did not provide a support for this notion.
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This observed redundancy might be a result of a heteromeric receptor complex. A type |
receptor dimer forms a tetrameric complex with a type Il receptor dimer. Similar to a type |
receptor dimer, a type Il dimer can be either a homomeric or heteromeric dimer, such as
BMPR-1I/BMPR-I1 or BMPR-II/ActR-1I1B. In a BMPR-11/ActR-11B heteromeric dimer
within the tetrameric receptor complex, BMPR-I1 still can transduce the BMP signal in the
absence of ActR-1IB function. In the cells that express both dnBMPR-11 and ActR-I1B, these
dominant negative receptors occupy the positions of native BMPR-11 and ActR-1IB in the
tetramers, and this dysfunctional receptor complex compete with native receptor complex
for BMP ligands leading to blockage of receptor signaling. However, truncated forms of
receptors may block broader signaling than the one through corresponding receptors.
Considering this potential limitations in specificity and efficiency in blocking receptor
signaling using these dominant negative receptors, we also performed siRNA knockdown
studies and verified that the redundancy between endogenous BMPR-I1 and ActR-11B. This
phenomenon was observed in BMP signaling studies in other cell systems (Yeh et al., 1998;
Upton et al., 2009). In endothelial cells, normal responsiveness of the cells to BMP9 was
retained despite siRNA-mediated knockdown of BMPR-I1 or ActR-I1, but double siRNAs of
these receptors significantly removed BMP signaling activity, such as Smad1/5
phosphorylation and 1d1 expression (Upton et al., 2009). Similarly, in fetal rat calvarial
cells, loss-of-function of only BMPR-I1 by siRNA was not sufficient to reduce the baseline
level of ALP activity and had a very mild inhibitory effect of BMP7-induced ALP activity
(Yeh et al., 1998). These previous findings are consistent with functional redundancy
between these type 1l receptors discovered in this study. Another possible mechanism for the
signaling blockage in the dnBMPR-I1/dnActR-11B cells may be a functional disruption of
type | receptors by these dysfunctional type Il receptors, either prohibiting their gene
expression or interfering their assembly within the receptor complex. Because of the
research scope, we did not examine this potential mechanism in this study.

Although these previous and current findings support the concept that type 11 BMP receptors
are redundant for BMP signaling in osteoblast cells, it has been observed in vivo with
animal models that conventionally (Oh and Li, 1997, 2002; Beppu et al., 2000, 2004; Oh et
al., 2002; Song et al., 2005) or conditionally (Yu et al., 2005; Hong et al., 2008; Beppu et
al., 2009) targeted disruption of a single version of any of these type Il receptors introduces
specific phenotypic abnormalities, particularly during embryonic development. Deficiency
of BMPR-1I causes defects in cardiogenesis, such as pulmonary arterial hypertension
(Beppu et al., 2000, 2004, 2009; Song et al., 2005; Yu et al., 2005; Hong et al., 2008) and
deletion of ActR-1I and/or ActR-11B impairs embryonic asymmetrical patterning (Oh and Li,
1997, 2002; Matzuk et al., 1995a; Ferguson et al., 2001; Oh et al., 2002). However, these
animal models are either early embryonically lethal or not specific to osteoblasts, and this
may limit investigators from evaluating the precise role of these receptors in osteoblasts.
Therefore, these /n vivo observations do not necessarily exclude the possibility of
redundancy between these type Il receptors, especially in osteoblast cells. Recently, a
BMPR-I11 transgenic mouse model was described in which a dominant negative BMPR-I1I
(BMPR-DN) was driven by osteoblast-specific Collal-2.3 promoter, and the BMPR-DN
transgenic mice had low bone mass (Yang et al., 2010). However, that study lacked
histomorphometric characterization of the osteoblastic bone phenotype. It is unknown
whether disruption of BMPR-I1 interferes with expression and function of ActR-11 and
ACctR-1IB in these mice. Addressing these issues may help clarify the redundancy of BMPR-
I1 with other type Il receptors in vivo.

The BMP and TGF-p signaling pathways share a common ALK activity in the type |
receptors, and there is cross-talk between type | and Il receptors responsible for each
pathway (Persson et al., 1997). Unlike the BMP signaling pathway that has 3 type Il
receptors, the TGF-B signaling pathway has only one type Il receptor (TBR-11). Recent
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studies of TRR-II knockout mice have shown that deletion of TBR-II in osteoblasts leads to a
high bone mass phenotype by regulating PTH activity (Qiu et al., 2010), suggesting that type
Il TGF-B receptor and type Il BMP receptors have distinguishing functions in bone
homeostasis. We examined the effects of dnBMPR-I1/dnActR-11B on TGF- action in
osteoblasts to test the specificity of the redundancy of the type Il BMP receptors. The data
have shown that the double blockage of type Il receptors does not affect TGF- signaling
activity and TGF-B-mediated osteoblast proliferation (Fig. 4A, B), evidencing that the
functional redundancy between BMPR-I1 and ActR-11B is BMP pathway specific in
osteoblast cells. This concept also was verified by the examination of effects of aFGF on
osteoblast proliferation (Fig. 4C).

Type 1l activin receptors (ActR-11 and ActR-11B) bind not only with BMP ligands, but also
bind with activin ligands to mediate receptor signaling. The lack of overlap between
phenotypes of ActR-11-deficient, ActR-11B-deficient (Matzuk et al., 1995a; Oh and Li, 1997,
2002; Ferguson et al., 2001; Oh et al., 2002), and activin-deficient (Vassalli et al., 1994;
Matzuk et al., 1995b) mice is evidence that the BMP and activin signaling pathways may be
involved in diverse activities through type 11 activin receptors during embryonic
development. Although BMP2 has been characterized to have anabolic effects in inducing
osteoblast differentiation, it is unknown whether activin growth factors are essential for
osteoblasts.

In this study, we found that treatment with activin A did not have any stimulatory effects on
osteoblast differentiation (Fig. 7). These data provide further evidence for the activity of
BMP signaling through the BMPR-II/ActR-I1B pathway in promoting osteoblast
differentiation.
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Fig. 1.

Expression of type Il BMP receptors in osteoblastic 2T3 cells. A: Expression of endogenous
BMPR-I11, ActR-I1, and ActR-11B detected by RT-PCR. B: Molecular structures of BMPR-II
and ActRIIB. Top: Wild-type consists of the extracellular ligand-binding domain (gray),
transmembrane domain (black), and intracellular kinase domain (blank). Bottom:
Dominantnegative C' terminal, intracellular domain, truncated forms, dnBMPR-I11, and
dnActR-11B. C, D: Expression of dnBMPR-I1 and dnActR-11B. Expression plasmids of (1)
the dominantnegative mutantsor (2) their empty vectors were stably transfected into 2T3
cells. Expression of these mutant receptors and endogenous receptors was determined by
RT-PCR (C) and Western blot (D) with anti-HA and anti-Flag antibodies for dnBMPR-II
and dnActR-11B.
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Effects of dnBMPR-11 and dnActR-11B on BMP signaling. A: Smad phosphorylation. 2T3
cells, transfected with empty vector, dnBMPR-11, ActR-11B, or dnBMPR-11/dnActR-11B

expression vector, were treated with BMP2 (100 ng/ml) for 6 h. Levels of phosphorylated

BMP-specific Smads were determined by Western blot using an anti-phospho-Smad1/5/8

antibody, with normalization to non-phosphorylated Smadl and p-actin. B: Smad1 nuclear
translocation. The mutant receptor-carrying cells were co-transfected with Flag-Smad1
plasmid and treated with BMP2 for 6 h. After fixation, cells were probed with FITC-

conjugated anti-Flag antibody. Immunofluorescence of Smad1 was recorded. C: BMP/Smad
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signaling reporter assay. Cells were transfected with 12xSBELuc reporter construct and
treated with BMP2 for 24 h. Relative reporter luciferase activity was determined and
normalized by p-galactosidase activity. *P < 0.01 versus vehicle controls.
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Fig. 3.

Effects of dnBMPR-11 and dnActR-11B on osteoblast differentiation. A: Mineralized matrix
formation. Osteoblastic 2T3 cells expressing dominantnegative receptors were treated with
BMP2 (100 ng/ml) in an osteogenic culture medium for 2 weeks. Mineralized matrix
formation was determined by combined von Kossa and van Gieson staining. B: ALP
activity. Cells were treated with BMP2 for 2 days. ALP activity of cell lysates was measured
with cell protein normalization. *£< 0.01 versus vehicle controls. C: Expression of
osteoblast marker genes. At 4 or 8 days after BMP2 treatment, total RNA was extracted
from these cells. mRNA levels of Runx2 and OCN were determined by Northern blotting
with GAPDH normalization.
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Effects of dnBMPR-11/dnActR-11B double blockage on osteoblast proliferation. A, C: Cell
proliferation assay. 2T3 cells transfected with vector or dnBMPR-11/dnActR-11B double
mutants were treated with (A) TGF-p1 (0-0.06 ng/ml), (C) aFGF (0-0.4 ng/ml), or their
vehicle for 40 h. Cell proliferation was determined by adding an assay reagent (CellTiter,
Promega, Madison, WI) and reading absorbance at 570 nm. B: TGF-p signaling reporter
assay. Both control and mutant cells were transfected with TGF-p signaling reporter 3TP-
Lux and incubated with TGF-B1 (0.04 ng/ml) for 36 h. The reporter luciferase activity was
determined by luminescence with -gal normalization. *~ < 0.05 versus vehicle control.
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Fig. 5.

Restoration of dnBMPR-11/dnActR-11B-impaired BMP signaling and osteoblast
differentiation. Osteoblastic 2T3 cells, in which BMP signaling was blocked by expression
of dnBMPR-Il/dnActR-11B double mutants, were transfected with wild-type BMPR-II, wild-
type ActR-11B, or an empty vector. After BMP2 treatment, (A) the BMP signaling reporter
(12xSBE-Luc) activity and (B) ALP activity in the cell lysates were determined as described
in Figures 1 and 2. *P< 0.01 versus vehicle control.
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Fig. 6.

Effects of knockdown of BMPR-II and ActR-11B on BMP signaling and osteoblast
differentiation. A: siRNA knockdown. Wild-type 2T3 cells were transfected with targeting
siRNAs for BMPR-I1 and/or ActR-11B, or control scrambled RNA, at 20 nM for 24 h and
mRNA levels of endogenous BMPR-11 and ActR-11B were examined by PCR. B, E: BMP
signaling reporter assay. Osteoblastic 2T3 (B) and C2C12 (E) cells were co-transfected with
siRNAs and 12SBE-Lucreporter, and then treated with BMP2 for 48 h. The reporter
luciferase activity was measured with B-gal normalization. *£< 0.05 versus vehicle

control. #P< 0.05 versus BMP2 treatment in other groups. C: ALP activity assay.
Osteoblastic 2T3 cells transfected with siRNAs were incubated with BMP2 for 48 h,
followed by measurement of ALP activity as described in Figure 3. *£< 0.05 versus vehicle
control. D: Osteocalcin expression. 2T3 cells transfected with SiRNAs were treated with
BMP2 for 24 h. Osteocalcin mRNA levels were determined by real time PCR with 18S
rRNA normalization. *P < 0.05 versus vehicle control.
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Fig. 7.

Effects of activin on osteoblast differentiation. A: ALP activity. Wild-type 2T3 cells were
treated with BMP2 or activin A for 48 h. ALP activity of cell lysates was determined with
normalization to cell protein. B: Mineralized matrix formation. Wild-type 2T3 cells were
cultured in osteogenic media in the presence of BMP2 (0.5-50 ng/ml) or activin A (1-100
ng/ml) for 2 weeks. Areas of mineralized bone nodules in the culture were quantitated with
von Kossa stain.
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